Single nucleotide polymorphisms (SNPs) are an abundant source of genetic variation among individual organisms. To assess the usefulness of SNPs for genome analysis in the yellow fever mosquito, Aedes aegypti , we sequenced 25 nuclear genes in each of three strains and analysed nucleotide diversity. The average frequency of nucleotide variation was 12 SNPs per kilobase, indicating that nucleotide variation in Ae. aegypti is similar to that in other organisms, including Drosophila and the malaria vector Anopheles gambiae . Transition polymorphisms outnumbered transversion polymorphisms, at a ratio of about 2 : 1. We examined codon usage and confirmed that mutational bias favours G and C ending codons. Codon bias was most pronounced in highly expressed genes. Nucleotide diversity estimates indicated that substitution rates are positively correlated in coding and non-coding regions. Nucleotide diversity varied from one gene to another. The unequal distribution of SNPs among Ae. aegypti nuclear genes suggests that single base variations are non-neutral and are subject to selective constraints. Our analysis showed that ubiquitously expressed genes have lower polymorphism rates and are likely under strong purifying selection, whereas tissue specific genes and genes with a putative role in parasite defence exhibit higher levels of polymorphism that may be associated with diversifying selection.
Introduction
Single-nucleotide polymorphisms (SNPs) are frequently observed in vertebrate and invertebrate genomes (Jakubowski & Kornfeld, 1999; Sachidanandam et al ., 2001; Taillon-Miller et al ., 1998) . With recent advances in high-throughput sequence analysis technology, SNPs have become the marker of choice for large-scale mapping and genotyping (Berger et al ., 2001; Lindblad-Toh et al ., 2000; Taillon-Miller et al ., 1999; Wang et al ., 1998) . SNP markers therefore provide powerful tools for investigating population genetics and characterizing candidate disease genes, as well as elucidating evolutionary processes at the molecular level (see reviews in Black et al ., 2001; Akashi, 2001; Brookes, 1999) .
Nucleotide diversity has been used to define codon usage patterns within taxa or species (Argentine & James, 1993; Besansky, 1993; Ikemura, 1985; Sharp et al ., 1986; Shields et al ., 1988) . In Drosophila and bacteria, codon usage bias, e.g. the unequal usage of synonymous codons, is hypothesized to occur as a result of selection for efficient translation; the preferred codons in highly biased genes match the most abundant isoaccepting tRNAs (Gouy & Gautier, 1982; Moriyama & Powell, 1997a; Powell & Moriyama, 1997; Sharp & Li, 1986a) . With the increase in large-scale genome sequencing projects, nucleotide polymorphisms have been more widely used in phylogenetic studies (Aquadro et al ., 2001; Bielawski et al ., 2000; Comeron & Aguade, 1998; Dunn et al ., 2001; McVean & Vieira, 1999) .
The mosquito Aedes aegypti has a world-wide distribution and, because it is easily worked with in the laboratory and is the major vector of yellow fever and dengue fever viruses, is one of the most intensively studied mosquito species. Studies of population genetics as well as genetic mapping and quantitative trait loci (QTL) characterization require large numbers of polymorphic markers to genotype a target population. However, simple-sequence repeats or microsatellites are not abundant or useful as genetic marker loci in Ae. aegypti (Fagerberg et al ., 2001 ). Therefore, the most common genetic markers used to date in Ae. aegypti are the RFLP, RAPD and SSCP markers that are generally labour intensive for large populations and in some instances are limited by the small amounts of extractable genomic DNA per individual (Antolin et al ., 1996; Fulton et al ., 2001; Severson et al ., 1999 Severson et al ., , 2002 .
In this study, we analysed nucleotide polymorphism and distribution at 25 independent nuclear genes in Ae. aegypti . Our results document extensive intraspecific nucleotide variation within some Ae. aegypti genes. We confirm that codon usage is biased toward C-and G-ending codons and, as for other Diptera, the most biased genes represent ubiquitous, highly expressed molecules. Finally, our analyses suggest that the frequency of SNPs within individual genes varies with gene function, with more SNPs being observed in genes with tissue-specific expression or with a putative role in parasite defence.
Results and discussion
The distribution of SNPs among 25 Ae. aegypti nuclear genes is shown in Table 1 . With an average of 12 SNPs per kilobase (kb) ( π = 0.0122, Table 1), our Ae. aegypti laboratory strains contain high levels of nucleotide heterogeneity. In comparison, the typical SNP frequency observed in human genomic DNA is about 1 every 1000 bp (Aquadro et al ., 2001; Brookes, 1999) . Thus, because of the large nucleotide variation in Ae. aegypti , SNPs should prove extremely useful as genetic markers, particularly for highthroughput, fine-scale linkage and complex trait analysis. We also observed that the frequency of SNPs varies considerably from one gene to another, ranging from none ( RpS11 , RpL31 ) to 99 ( APN ). Although not directly comparable, the Anopheles gambiae genome sequence also shows a highly variable SNP distribution, wherein some genome regions have few SNPs and others have more than eight per kb (Holt et al ., 2002) .
Our results suggest that insertion/deletion polymorphisms (indels) may be frequent throughout the Ae. aegypti genome. That is, six (24%) of the 25 genes contained indels (Table 2) . These indels can easily be exploited as PCRbased markers for genetic mapping (Bhattramakki et al ., 2002) . Our previous analysis of the AeIMUC1 gene identified indels within the coding sequence that result in different protein isoforms which may have distinct structural / functional properties that influence Plasmodium gallinaceum susceptibility (Morlais & Severson, 2001) . The presence of indels and a high number of non-synonymous amino acid substitutions in such genes indicates that the proteins are not under strong negative or purifying selection. However, indels located within non-coding sequences should be neutral, arising by misreading or by slippage during replication, particularly at repeat regions. For example, indels in the 3 ′ untranslated regions of the AeMUC1 and CRALBP genes have repeats flanking the inserted /deleted sequence. However, not all indels in untranslated regions are associated with repeats. The 60 bp indel found at the 5 ′ end of CRALBP mRNAs has characteristic features of U2-type introns, e.g. with GT-AG splicing junctions, and is removed during RNA splicing, as seen by comparing genomic and cDNA sequences (data not shown). A G → A transition at the 3 ′ splicing site leads to an unspliced haplotype. As in the rice β -tubulin gene ( Ostub16 ), polymorphisms that influence intron splicing in the 5 ′ untranslated region may have significance for transcriptional expression (Morello et al ., 2002) . Such polymorphisms could also represent an intermediate state of intron gain/loss with associated selection intensities at least equal to that observed for nonsynomymous substitutions (Llopart et al ., 2002) . For all genes, we observed that transition substitutions are more common than transversion substitutions (Table 1) . The frequency of transitions for all coding and non-coding sequences is 69.2%, which is similar to the ≈ 2/3 ratio reported for Drosophila and humans (Brookes, 1999; Moriyama & Powell, 1996) . For coding vs. non-coding regions, the frequencies of transitions are 72.0% and 53.0%, respectively, and are significantly different ( χ 2 = 16.9; P < 0.001). SNPs occur more frequently as transitions in coding sequences than in non-coding regions and are more common at the third codon position (62.3%). These results are similar to those observed in three Drosophila species (Moriyama & Powell, 1996) . The unequal distribution of SNPs is likely to be due to the degeneracy of the genetic code and selective contraints for gene conservation; transition polymorphisms at the wobble position are more likely to result in synonymous substitutions. Selection at fourfold degenerate codons should then be nearly neutral. Transitions and transversions were computed at these sites for all genes and the results are presented in Table 3 . As predicted, the frequency of transversions at fourfold degenerate sites (40.5%) is not significantly different than for non-coding regions ( χ 2 = 1.29; P = 0.255).
As a measure of codon usage bias, we used the 'effective number of codons' or ENC (Wright, 1990) . The ENC varies from 20, the most extreme bias wherein only one codon is used per amino acid, to 61 for unbiased genes where all synonymous amino acids are used equally. The ENC values range from 33.6 for the ribosomal protein S11 to 61.0 for Cecropin A (Table 4) indicating that, in Ae. aegypti , codon usage bias differs from one gene to another, as is seen in other organisms (Besansky, 1993; Ikemura, 1985; Powell & Moriyama, 1997; Sharp et al ., 1988) . We found the highest codon usage bias for ribosomal proteins and Ef-2 , which agrees with the premise that highly expressed genes have a higher codon usage bias (Marais et al ., 2001; Moriyama & Powell, 1997a; Pal et al ., 2001; Shields et al ., 1988) . The Ae. aegypti genes show an average ENC of 48.6, which is similar to that reported for Drosophila melanogaster , 46.2 (Powell & Moriyama, 1997) .
We also examined the base composition for individual genes relative to the overall nucleotide sequence and for the third codon position (Table 4 ). The results indicate that base composition varies among genes and that the G+C content at the third codon position (GC3) is negatively correlated (r = −0.72, P < 0.001, Fig. 1 ) with the ENC. The most biased genes have higher GC3 frequencies, indicating that codon usage in Ae. aegypti is similar to An. gambiae, D. melanogaster, E. coli and S. cerevisiae (Besansky, 1993; Grosjean & Fiers, 1982; Sharp & Li, 1986b; Shields et al., 1988) . Our results suggest that, as observed for other species, in Ae. aegypti the codon usage pattern reflects selection for translational efficiency. Codon usage is biased toward codons corresponding to the most abundant tRNAs (Duret, 2000; Grantham et al., 1981; Ikemura, 1985; Moriyama & Powell, 1997a; Sharp et al., 1988) . Codon usage for all 25 Ae. aegypti genes is presented in Table 5 . As for Drosophila and An. gambiae (Besansky, L, length in nucleotide of the coding sequence; ENC, effective number of codons; GC 3 , G+C content at the third codon position. All nucleotide frequencies are given in per cent and are averages over all alleles examined. 1993; Powell & Moriyama, 1997) , and confirming a previous study in Ae. aegypti (Argentine & James, 1993) , we observed a preference of codon usage for C-or G-ending triplets. However, not all amino acids reflect a wobble position bias toward G or C. That is, Asp and Arg, Glu and Gly show a third codon position preference for T and A, respectively. The third position T bias in Asp was also observed in Drosophila species, but not in An. gambiae (Besansky, 1993; Powell & Moriyama, 1997) . At synonymous sites where G or C can be used, we observed that C is favoured (P < 0.01, Table 5 ), and if we compile data for the six most biased genes (ENC < 45), the preference for C is even more evident, 40.4% vs. 29.5%, respectively. Codon preference also varies considerably from one gene to another, and individual genes can reflect specific preferences. For example, with the highly biased Ef-2 gene we observed a mean RSCU value of 4.74 for the Arg codon CGU. Nucleotide diversity was estimated separately for coding and non-coding sequences, and in coding regions nucleotide heterogeneity was calculated at both synonymous and replacement sites. Nucleotide diversity is similar in coding and non-coding regions (Table 1) . Moreover, the level of polymorphism in coding and non-coding regions is positively correlated (r = 0.65, P < 0.001; Fig. 2 ). This suggests that some factor, such as recombination, may act on DNA sequences at a regional level (Moriyama & Powell, 1996; Nachman, 2001) . Higher nucleotide diversity is more often found in regions of high recombination, and recombination 'hot spots' seem a general feature of the human genome (Aquadro et al., 2001; Lercher & Hurst, 2002; Nachman, 2001; Reich et al., 2002) . However, the average nucleotide diversity was lower in non-coding regions than at synonymous sites of the coding sequences, 0.0142 vs. 0.0287 (P = 0.005). This implies that non-coding regions are under greater purifying selection than synonymous sites within coding regions (Moriyama & Powell, 1996) . The 5′-flanking regions may contain regulatory elements that play critical roles in transcription, and single-base mutations can alter essential structures for splicing and processing (Shen et al., 1999) . The role, origin and adaptative significance of introns in eukaryote genes remains controversial (Long et al., 1995; Lynch, 2002) . Introns can be involved in maintaining the secondary structure of prem-RNA (Kirby et al., 1995) and it has been shown that prem-RNA splicing is an important process for regulating gene expression (Chapman & Walter, 1997; Morello et al., 2002) . These structural and functional constraints, even if acting on non-coding DNA, are likely to be associated with high selective pressure.
Nucleotide diversity varies considerably from one gene to another (Table 1) , and is likely related to individual gene function and selective constraints. We observed that there is a trend for a positive correlation between the rates of non-synonymous and synonymous substitutions (r = 0.38, P = 0.07). This is consistent with, but less obvious than that previously reported in Drosophila spp. and bacteria (Comeron & Kreitman, 1998; Dunn et al., 2001; Sharp & Li, 1987) , and may indicate that the synonymous substitution rates in Ae. aegypti are also influenced by selective constraints acting at the amino acid level. Indeed, silent substitutions have been shown to alter mRNA secondary structure and subsequent processing (Shen et al., 1999) .
Typically, genes with the strongest selective constraints should show the lowest nucleotide polymorphism. Indeed, we observed the lowest nucleotide diversities for genes coding for highly expressed molecules that are involved in transcriptional or translational regulation (RpS11, RpL31, RpL17A, AEGI8 and Ef-2) or in signalling processes (mRNABP and ODC-AZ) . This is also observed in yeast and Drosophila; for example, in Drosophila spp., substitution rates between conservative genes and fast evolving genes differ by about 10-fold (Moriyama & Powell, 1997b; Pal et al., 2001; Schmid & Tautz, 1997) .
With genes for which expression patterns in Ae. aegypti tissues are known (Table 6) , we compared the substitution rates relative to their general expression patterns. Thirteen genes were expressed in a particular tissue location. Substitution rates are significantly different between tissuespecific and ubiquitously expressed genes (0.0183 and 0.0049, respectively, P < 0.001), with tissue-specific genes showing higher polymorphism rates. In mammals, tissuespecific genes show threefold more replacement substitutions than ubiquitous genes (Duret & Mouchiroud, 2000) . However, because synonymous base changes are presumably not constrained by selection in mammals, silent substitution rates do not vary with the expression pattern (Duret & Mouchiroud, 2000) . For Ae. aegypti, we compared the overall nucleotide diversities, although we also observed significant differences when silent and replacement sites were considered separately (data not shown).
Finally, genes involved in specific adaptations that evolve very rapidly, such as defence mechanisms against parasites, are likely to exhibit high levels of polymorphism. To investigate this assumption, we examined genes that are known or suspected to play a role in the immune response of Ae. aegypti to metazoan parasites including Plasmodium gallinaceum and Brugia malayi (Table 6 and Fig. 2) . Note that all genes induced in response to parasite infection (n = 8) are also tissue-specific. Interestingly, we found that the substitution rates for genes associated with parasite defence are significantly higher than the overall substitution rate (0.0205 vs. 0.0132, respectively, P = 0.05). In Plasmodium, it has been shown that parasite surface proteins are under diversifying selection to evade the host immune system (Hughes & Hughes, 1995) . Therefore, genes with a putative function in host-parasite interactions reflect higher levels of nucleotide variation, consistent with the hypothesis that genes induced in response to parasites are subject to diversifying selection.
Experimental procedures
Sequences of 25 nuclear genes were obtained from the Red-eye, Moyo-R and Liverpool laboratory strains of Ae. aegypti. The Liverpool strain was originally obtained from the London School of Hygiene and Tropical Medicine and is permissive to filarial nematode parasites. The Red-eye strain is a mutant marker strain and is refractory to filaria but is an efficient vector of P. gallinaceum. The Moyo-R strain was genetically selected from the Kenyan Moyo-inDry strain for its refractoriness to P. gallinaceum (Thathy et al., 1994) . Genomic DNA was prepared from single mosquitoes and cDNA from pools of six females as previously described (Severson, 1997; Morlais & Severson, 2001 ). The loci were amplified by PCR using specific primers. The optimal primer annealing temperatures were established via gradient PCR using an Eppendorf Mastercycler (Eppendorf). PCR reactions were performed in a final volume of 25 µl containing 50 mM Tris-HCl pH 8.3, 3 mM MgCl 2 , 50 mM KCl, 400 µM of each dNTP, 0.25 U of Taq polymerase, 10 pmoles of each primer and 5 ng of template DNA. Cycling conditions were: 5 min at 95 °C, then 30 cycles of 1 min at 95 °C, 1 min at the optimal annealing temperature, 2 min at 72 °C, and final extension of 10 min at 72 °C. The PCR products were purified using the QIAquick PCR purification kit (Qiagen). Purified PCR products from individual mosquito genomic DNAs were directly sequenced on both strands using an ABI 310 with Big Dye Terminators (PE Applied BioSystems). Purified cDNAs were cloned using the pCR-2.1 TOPO TA cloning kit (Invitrogen) prior to sequencing. Two clones were sequenced for each cDNA. A list of the sequenced genes with their accession numbers is provided in Table 6 . Two sequences, DDC and NaK, were partial and were not included in our correlation analyses.
The allele sequences for each gene were aligned using CLUSTAL W (Thompson et al., 1994) . Each alignment comprised the same number of alleles for each strain, except for the AeIMUC1 gene. SNPs were identified as transitions or transversions for both coding and non-coding regions, and for SNPs occurring in coding sequences, nucleotide variations were also classified as synonymous or non-synonymous. Nucleotide diversity analyses were conducted using MEGA version 2.1 (Kumar et al., 2001) . The average number of nucleotide substitutions per site, π, was calculated for each gene, while estimates of synonymous and non-synonymous substitution rates, K s and K a , were computed following the method of Nei & Kumar (2000) which corrects for transition /transversion bias and degenerate sites. Codon usage was analysed using MEGA ver. 2.1 (Kumar et al., 2001) . The program calculates the nucleotide composition for each codon position and the relative synonymous codon usage (RCSU). The RCSU is given as the observed frequency of a codon relative to its expected frequency under the assumption of equal codon usage (Sharp & Li, 1986b) . For each gene, codon frequencies were calculated as averages over all alleles examined. The effective number of codons in a gene, ENC (Wright, 1990) , was determined using the CHIPS program from the EMBOSS package <http://bioinfo.pbi.nrc.ca:8090/cgi-bin/ emboss>. Correlation coefficients were calculated with the assumption that both variables are stochastic using the EPI INFO package.
